An immunohistochemical staining technique was developed to detect polyomaviral antigens of budgerigar fledgling disease in formalin-fixed tissue sections. This technique used an indirect avidin-biotin, alkaline phosphatase labeling system with a mixture of monoclonal antibodies developed against the virus major capsid protein. The staining technique was applied retrospectively to 24 avian accessions which were originally diagnosed as budgerigar fledgling disease or avian polyomavirus infection based on microscopic findings including typical intranuclear inclusions. Immunohistochemical staining resulted in positive reactions in some tissues from 17 of 24 cases. The tissues most frequently containing typical intranuclear inclusions or positive immunohistochemical staining were the spleen, liver, and kidney. Neither of the 2 nonpsittacine cases was positive immunohistochemically. This technique may be used either as a rapid test on routinely processed diagnostic samples to confirm the presence of avian polyomavirus or for pathogenesis research studies.
Budgerigar fledgling disease (BFD) was first recognized in captive budgerigars in 1981. 1, 4 The causative agent was subsequently determined to be a polyomavirus within the Papovaviridae family. 2, 5 A wide variety of captive psittacine birds including budgerigars, cockatiels, cockatoos, lories, macaws, conures, and parrots have been infected by this virus; 11,19,21 even nonpsittacines such as finches have been infected. 8, 9 Birds appear most susceptible to the virus early in life, with reports of mortality rates among psittacine nestlings within aviaries ranging from 20% to 100%. 1, 10, 13, 18 However, serologic assays have confirmed that a significant percentage of birds are infected, survive, and become chronic carriers of the virus. 14, 19 Present diagnostic methods for the disease include microscopic evaluation of tissues, the characteristic feature being large pale basophilic to clear intranuclear inclusion bodies causing marked enlargement of the host cell nucleus. 1, 5 Electron microscopic studies have confirmed the presence of the polyomaviral particles within these inclusions. 5 Other techniques which have been used to confirm the presence of BFD virus in tissues are virus isolation on chicken embryo fibroblasts, 5 direct fluorescent-antibody tests, 11 and most recently, molecular techniques to detect polyomavirus in fresh tissues using polymerase chain reaction with a polyomavirus DNA probe, a,10 or in situ hybridization using a DNA probe on formalin-fixed tissues. 9, 17 The purpose of this study was to develop an immunohistochemical staining method using monoclonal antibodies to detect the polyomaviral antigen within routinely processed tissues and retrospectively apply this technique to diagnostic accessions to learn more about polyomaviral tissue distribution. While an immunohistochemical staining method for polyomavirus has been described previously, it used antiserum for its primary antibody and was only applied to a limited number of tissues in 3 birds from a single accession. 20
Materials and methods
A computerized search of the diagnostic case materials at both the Animal Health Diagnostic Laboratory, Michigan State University, East Lansing, Michigan, and the Animal Disease Diagnostic Laboratory, Purdue University, West Lafayette, Indiana, was conducted for all avian submissions that were diagnosed as avian polyomavirus infections since 1989. This search revealed 24 different accessions containing 34 individual birds that had histologic lesions consistent with BFD. Accessions included 10 parakeets, 10 macaws, 3 cockatiels, 4 conures, 2 cockatoos, 2 canaries, 2 parrots, and 1 lorikeet. Nine additional accessions including 3 parrots, 2 cockatiels, 1 macaw, 1 cockatoo, 1 parakeet, and 1 canary were also chosen that did not have polyomaviral infection and served as negative controls. Several of the negative control accessions had common psittacine infectious conditions including Pacheco's disease, psittacosis, and psittacine beak and feather disease. All blocks of formalin-fixed, paraffinembedded tissues were retrieved for routine histology and immunohistochemical staining.
All blocks were stained routinely with hematoxylin and eosin (HE), and all tissues were evaluated microscopically for lesions and viral inclusions; a grading scale for inclusion frequency (-= no inclusions, 1+ = 1 or fewer inclusions * First symbol indicates inclusion frequency on routine histology; second symbol indicates inclusion frequency by immunohistochemical staining. -= no inclusions; 1+ = 1 or fewer inclusions per high power field; 2+ = 1-3 inclusions per high power field; 3+ = 5 or more inclusions per high power field. ND = not done. † H = hatchling, less than 4 weeks of age; J = juvenile, greater than 3 weeks of age, less than 6 months of age; A = adult, greater than 6 months of age; U = unknown age. per high power field, 2+ = 2-4 inclusions per high power were obtained from a commercial source and were applied field, 3+ = 5 or more inclusions per high power field) was at room temperature. d Slides were then removed from the used in the evaluation. Additional sections of each block were immunostainer, rinsed, counter-stained with hematoxylin for stained using an indirect histochemical staining procedure 1.5 min, dipped in glacial acetic acid, dehydrated in graduas described below. Again, all sections were evaluated and ated ethyl alcohol baths, and cleared in xylene baths; covgraded microscopically using the same scale. erslips were applied with a permanent mounting media. The methods for the immunohistochemical staining procedure will be briefly described. Paraffin blocks were sectioned at 3-4 µm, attached to glass slides with poly-L-lysine, deparaffinized in multiple xylene baths, and tissues rehydrated in sequentially graduated ethyl alcohol baths. Tissues were predigested in 0.05% protease for 10 min at 37 C to increase antigenic binding availability. After rinsing in Trisbuffered saline, test slides and appropriate positive and negative controls were processed in an automated stainer. b Nonimmune horse sera (blocking antibody) was applied first for 30 min at room temperature, then the anti-polyomaviral monoclonal antibody mixture (primary antibody) was applied for 90 min at room temperature. The monoclonal antibody to detect the polyomavirus consisted of a mixture of 3 monoclonal antibodies c which had the highest levels for both virus neutralization and hemagglutination-inhibition (i.e., 3G 10 G 5 , 4F 10 F 4 , and 6D 9 F 4 ). 6 A biotinylated horse-origin anti-mouse antibody (secondary antibody) was applied for 20 min, followed by an avidin-biotin/alkaline phosphatase label application for 30 min, and finally a red substrate colorizing reagent was applied for 8 min; all these reagents The primary antibody mixture was diluted at 1:2, 1:10, 150, and 1:100, and all dilutions were applied to multiple sections from the same blocks as a preliminary trial in order to determine the optimal concentration for use in this study.
Results
While polyomaviral antigen staining was strong in sections from some blocks up to the 1:100 dilution, other sections showed marked decrease in staining affinity between 1:2 and 1:10 dilutions; therefore, all sections were stained at the 1:2 dilution for the main study. There was no noticeable nonspecific background staining at any of the dilutions of primary antibody used.
The age, bird type, and microscopic and immunohistochemical tissue findings are summarized in Table  1 . The histologic lesions consisted of typical intranuclear inclusions characterized by karyomegaly, margination of chromatin, with very pale basophilic cen-tral material ( Fig. 1A-1F ). These inclusions were present within many different tissues including spleen, liver, lung, kidney, heart, brain, skin, feather follicle, intestine, as well as trachea, crop, bursa of Fabricius, and proventriculus, which were not included in the table as relatively few birds had these tissues included. The cell types affected, based on morphology and distribution, appeared to be predominantly of mesenchymal origin, although some tissues had epithelial cells affected.
The spleen and liver were the 2 tissues that most frequently exhibited intranuclear inclusions by routine HE staining; the spleen had inclusions in 15 of 17 accessions and the liver in 20 of 23 accessions. The liver had marked centrilobular to submassive parenchymal necrosis in most accessions (Fig. 1B) ; the inclusions were generally most numerous in the periportal zones, which had been spared by the necrotizing process, and the inclusions appeared to be within macrophages or Kupffer cells rather than hepatocytes. The splenic distribution of inclusions appeared to be primarily within histiocytes -most prominently within the Schweigger-Seidel sheaths surrounding capillaries in the white pulp.
The kidney was another organ frequently containing inclusions: 12 of 22 accessions had inclusions. The inclusions were most frequently found in the glomerular tuft (Fig. 1C) , apparently affecting mesangial cells; however, a few cases had inclusions within the tubular epithelial cells.
The lung (6 of 22 accessions), intestine (7 of 22 accessions), heart (4 of 21 accessions), brain (2 of 15 accessions), and skin and feather follicles (3 of 8 accessions) were tissues less frequently affected with viral inclusions. In the lung, the inclusions were present within mononuclear cells within the interstitium which was frequently expanded due to inflammatory infiltrates (interstitial pneumonia) (Fig. 1D) . The intestinal inclusions were present within macrophages within the mucosal lamina propria. In the heart, inclusions were present within both interstitial macrophages as well as cardiomyocyte nuclei (Fig. 1E) . The brain inclusions were most prominent in the cerebellum, and affected both neurons and glial cells. The dermal inclusions were limited to epithelial cells, either within the dermis or within the follicular-lining epithelium (Fig. 1F) .
Immunohistochemistry revealed positive-staining nuclei within similar tissues and cell types as the routine HE staining ( Fig. 2A-2F ). Overall, 18 of 24 accessions had some positive-staining tissues. In most cases there was correlation between the frequency of inclusions detected using HE staining and immunohistochemical staining; however, there was some variability between the 2 techniques. Both accessions of nonpsittacine birds (accessions 11 and 14) were negative immunohistochemically in spite of typical inclusions in multiple tissues by HE.
Immunohistochemistry results for the nonpolyomaviral cases is summarized in Table 2 . There were no false positive staining tissues in any of the 9 control accessions. Nor was there any cross-reactivity with the antigens of Pacheco's disease herpesvirus, Chlamydia psittaci, or psittacine beak and feather disease virus.
Discussion
The widespread tissue distribution of polyomaviral inclusions by routine microscopy and viral antigen by immunohistochemistry are similar to previous descriptions for this multisystemic disease. 1, 14, 19 The most frequently affected tissues were the liver and spleen. While histiocytes appear to be the predominant cell type containing viral inlcusions, inclusions were seen in other mesenchymal cells (neurons, cardiomyocytes) and also in epithelial cells (renal tubular epithelium, feather follicle, and dermal epithelium).
Comparing the frequency of HE viral inclusions with the frequency of positive immunohistochemically stained cells, there was good correlation in most cases; however, there were some exceptions. For instance, immunohistochemistry resulted in the detection of more inclusions in heart sections than did HE staining in several accessions (Figs. 1E, 2E) . Immunohistochemistry also demonstrated large amounts of positive-staining antigen throughout the upper keratinized layers of the epidermis (Fig. 2F ) rather than being restricted to intranuclear inclusions in HE staining (Fig.  1F) dverall, 23 of 24 accessions had intranuclear inclusions consistent with polyomaviral infection by HE staining (accession no. 3 had no inclusions, but had the characteristic centrilobular to submassive liver necrosis frequently seen with this infection). 11 Only 18 of 24 accessions had positive immunohistochemical staining, indicating a lower sensitivity for immuno- * First symbol indicates inclusion frequency on routine histology; second symbol indicates inclusion frequency by immunohistochemical staining. -= no inclusions; 1+ = 1 or fewer inclusions per high power field; 2+ = 1-3 inclusions per high power field; 3+ = 5 or more inclusions per high power field. ND = not done. † J = juvenile, greater than 3 weeks of age, less than 6 months of age; A = adult, greater than 6 months of age; U = unknown age. ‡ Intracytoplasmic and intranuclear inclusions consistent with those seen in cases of psittacine beak and feather disease. § Large eosinophilic intranuclear inclusions within hepatocytes consistent with those seen in cases of Pacheco's disease. || Birds with pale basophilic intracytoplasmic organisms within hepatocytes, consistent with Chlamydia psittaci organisms. staining compared to routine HE staining. Several fac-ties, one previous report has summarized gross and tors may explain this decreased sensitivity. First, for-histologic lesions for 4 different bird groups. 19 malin fixation is known to decrease immunoreactive
The immunohistochemical staining results suggest binding sites through cross-linking, and the effect is at least 3 possible routes for lateral transmission of the more severe the longer the tissue is immersed in fix-polyomavirus -through the gastrointestinal or urinary ative. 12 As this was a retrospective study, the length of excretions, taking into account the viral inclusions time in fixative for each case is unknown and was likely present within both systems, and through aerosolizavariable. Second, there may be significant antigenic tion of skin dander, similar to the method of transvariation between the polyomaviruses of different bird mission described for Marek's disease in chickens. 3 species; both canaries in this study were negative im-Immunohistochemical staining revealed extensive munohistochemically in spite of numerous polyoma-amounts of viral antigen present within the superficial viral-like inclusions on HE staining. Previous studies keratinized layers of the skin and feather follicles in have suggested that there may be antigenic variation some birds. All 3 of these routes have previously been between polyomaviruses of psittacines and those of suggested as possible methods of polyomaviral transpasserines .8,9
mission. 14, 19 The low number of infected adult birds in this study
In summary, the immunohistochemical staining corresponds with previous reports, which describe the method described in this report has high specificity for highest mortality in young birds. 10, 11, 13, 14 Unfortunate-polyomavirus without cross-reactivity for other comly, the small number of hatchlings and adults compared mon psittacine infectious agents. While the sensitivity to juveniles precluded any meaningful comparison of is not as high as routine HE, some of the false negatives polyomavirus tissue distribution by age. The relatively might be explained either by antigenic variation in the small numbers of individuals for the various avian avian polyomaviruses or by loss of immunoreactivity species in this report interfered with definitive conclu-due to variable lengths of formalin fixation. This stainsions on species differences in tissue distribution of ing method has potential for use in confirming the virus. While no specific variation in pattern was de-diagnosis of polyomavirus infection in routine diagtected for tissue distributions in the various bird spe-nostic cases, allowing for definitive differentiation from 
